Purpose To quantify the extent to which a clinically significant prostate cancer mortality reduction due to screening could have been masked by control arm screening (contamination) in the Prostate, Lung, Colorectal, and Ovarian (PLCO) trial. Methods We used three independently developed models of prostate cancer natural history to conduct a virtual PLCO trial. Simulated participants underwent pre-trial screening based on population patterns. The intervention arm followed observed compliance during the trial then resumed population screening. A contaminated control arm followed observed contamination during the trial then resumed population screening, while an uncontaminated control arm discontinued screening upon entry. We assumed a clinically significant screening benefit, applied population treatments and survival patterns, and calculated mortality rate ratios relative to the contaminated and uncontaminated control arms.
Introduction
The survival benefit due to prostate-specific antigen (PSA) screening for prostate cancer remains uncertain and controversial. Long-awaited results from the European Randomized study of Screening for Prostate Cancer (ERSPC) and the US-based Prostate, Lung, Colorectal, and Ovarian (PLCO) cancer screening trial have not resolved this critical issue. A significant reduction in prostate cancer mortality was observed in the ERSPC, which reported a prostate cancer mortality rate ratio for the intervention arm versus the control arm of 0.80 after a median of 9 years of follow-up [1] . This result was not replicated in the PLCO study, which reported corresponding mortality rate ratios of 1.15 after 10 years (complete for 92 % of participants) and 1.09 after 13 years (complete for 57 % of participants) [2] .
Reconciling these apparently conflicting results is challenging because they reflect the performance of different screening protocols in different populations under different circumstances. A key difference is that the ERSPC was conducted in a population that was relatively screening-naïve, whereas the PLCO trial was conducted in a population in which screening was already becoming established. Not only did at least 45 % of PLCO trial participants enter the trial with a history of screening [2] , but those randomized to the control arm continued to be screened during the course of the trial at least as often as in the general population, averaging 2.7 routine PSA tests over the trial's 6-year intervention period [3] . Thus, the control arm was heavily contaminated by screening, and rather than comparing screening versus no screening, the PLCO trial effectively evaluated organized annual screening versus population screening [2, 4] . A recent evidence review for the US Preventive Services Task Force noted the potential role of contamination in explaining the PLCO's non-significant prostate cancer mortality rate ratio and the trend toward excess mortality in the intervention arm [5] . However, existing statistical methods to quantify the magnitude of its effect [6] , as have been applied to the ERSPC [7] , require stratifying outcomes within contaminated and uncontaminated subgroups, stratifications that may be sensitive to the definition of contamination and may not be possible using the PLCO surveys upon which published contamination estimates were based [3] .
In this article, we use three independently developed mathematical and computer simulation models to represent a virtual PLCO trial with both contaminated and uncontaminated control arms. The models were developed to study prostate cancer progression, screening, detection, and survival in the US population [8] [9] [10] as part of the Cancer Intervention and Surveillance Modeling Network (CIS-NET 1 ); here we adapt them to study PLCO trial results. We assume a clinically significant benefit of screening and quantify the extent to which contamination masks the benefit in terms of its effect on the mortality rate ratio, on the chance of observing excess mortality in the intervention arm, and on the power of the trial to detect the assumed benefit.
Methods

Overview of CISNET prostate models
In this article, we combine previously developed CISNET models of prostate cancer natural history with an updated model of population screening patterns and published data on the PLCO trial design. Each model is based on a specification of natural history that captures disease onset, progression, detection in the absence of screening, and survival. The natural history concepts differ across models, but all models were calibrated using common data sets on (a) population demographics: men aged 50-84 in the core 9 registries of the Surveillance, Epidemiology, and End Results (SEER) program [11] and (b) PSA screening patterns: a reconstruction [12] using Medicare claims and responses from the National Health Interview Survey (NHIS) in 2000 to estimate the probability of a first PSA test by birth cohort and calendar year, which we extended using responses from the NHIS in 2005. The calibrated models reproduce age-adjusted SEER incidence trends before and during the PSA era by SEER stages (localregional or distant) and Gleason grade categories (2-7 or 8-10). Detailed model descriptions are available on the CISNET website; 2 here we briefly review the key model features and primary data sources for calibration.
The FHCRC model is PSA-based; we estimate PSA growth for cases and non-cases using serial screening data from the control arm of the Prostate Cancer Prevention Trial [13] , and we represent the risk of disease onset as proportional to age and the risk of progression to metastasis and to disease detection in the absence of screening as proportional to PSA. Because the FHCRC model explicitly generates PSA trajectories, the PSA value at any testing event is known, and the consequences of a positive test, namely referral to biopsy, receipt of biopsy, and biopsy result given disease status, are generated as events in the individual's disease history. The likelihood of compliance with biopsy referral is based on studies conducted within the PLCO trial population [14, 15] , and the sensitivity of biopsy to detect occult disease is assumed to increase over time in accordance with the diffusion of extended biopsy protocols during the PSA era [16] . Progression risks given PSA are then estimated via maximum likelihood so that the model matches incidence trends in the SEER population [10] .
The MISCAN model is state-based, disease progresses through a sequence of states defined by stage and grade. The stage and grade transition rates are estimated using data from the Rotterdam section of the ERSPC [8] ; the progression to disease detection in the absence of screening and the sensitivity of the PSA test to detect disease within each state are based on recalibration of these model parameters to reproduce disease incidence trends in the SEER population [17] .
The UMICH model of natural history consists of three states: healthy, pre-clinical, and clinical (diagnosis in the absence of screening). This simple model is overlaid with a model of the time from onset to detection (delay time), which depends on the distribution of age and calendar year of diagnosis, and a model of stage and grade at diagnosis, which depends on the delay time [9] . Putting together these models of age/year incidence trends and stage/grade distributions with inputs on SEER incidence and US screening patterns produces a composite model for incidence in the SEER population [18] .
Adapting the CISNET models to conduct a virtual PLCO trial From 1993 to 2001, the PLCO trial enrolled 76,693 men aged 55-74 at 10 US study centers and randomized them to either an intervention or control arm [19] . Men in the intervention arm were offered annual PSA testing for 6 years and digital rectal exam testing for 4 years. This design provided 90 % power to detect a 20 % reduction in prostate cancer mortality [20] . Under the design assumptions about non-compliance and contamination, this corresponds to a 27 % mortality reduction [20] , which was deemed to be clinically significant. In order to achieve this level of power, trial investigators expected over 300 deaths in each arm after 10 years of complete follow-up. In practice, after 10 years of follow-up (complete for 92 % of participants), the incidence of prostate cancer death was very low, with 98 and 85 deaths in the intervention and control arms and a mortality rate ratio of 1.15 (95 % confidence interval 0.86 to 1.55).
We adapt the CISNET models to conduct a virtual PLCO trial by simulating a cohort of men with observed age distributions [19] in each arm at randomization. The models generate disease natural histories in the absence of screening, assign birth-cohort-specific ages at PSA screenings based on our extended model of the general US population [12] , and determine all-cause mortality from US life tables; the generation algorithm ensures all men are alive and undiagnosed at entry into the trial. Lacking information on observed recruitment and for simplicity, we assume that all enrollment into the virtual trial occurs on 1 January 1993.
Men randomized to the intervention arm switch to annual PSA screening with random 85 % compliance at each scheduled screen [19] for the trial intervention period then resume population screening. Men randomized to the control arm switch to a 20 % higher intensity of screening than the general population during the trial to match previous estimates of PLCO control arm contamination (including reproducing the average 2.7 routine PSA tests during the trial [3] ) then resume population screening. Men in a third uncontaminated control arm discontinue PSA screening upon entry into the trial. Screening patterns in the three arms are illustrated in Fig. 1 . Digital rectal exam testing is not explicitly modeled since it is already reflected in the way the models project diagnosis in the absence of PSA screening.
All models assume 35 % of control arm men who were tested and had PSA [ 4 ng/mL, like their intervention arm counterparts [15] , received a biopsy. All models assume that the trial's sextant biopsy had 80 % sensitivity to detect preclinical tumors [21, 22] ; for simplicity, all models assume this constant 80 % sensitivity during and after the trial for both the intervention and control arms. All models randomly assign 84 % of men diagnosed with local-regional stage disease to curative treatment based on proportions of SEER local-regional stage cases receiving radical prostatectomy (SEER codes 50, 58, 60, and 68 prior to 1997 and 50 and 60 beginning in 1998) or radiation therapy (SEER categories beam radiation, radioactive implants, radioisotopes, combination of beam with implants or isotopes, or radiation with method or source unspecified) for trial cohort ages and years. All models generate prostate cancer survival from clinical diagnosis in the absence of screening or treatment benefits using a common Poisson regression model fit to SEER data for cases diagnosed in 1983-1986, just prior to the advent of PSA screening. This baseline survival is improved for nonmetastatic cases who receive curative treatment using a hazard ratio of 0.62 based on the Scandinavian trial of radical prostatectomy versus watchful waiting [23] .
To reflect the benefit of screening, all models project results under two different mechanisms that approximate a Fig. 1 Percent of men in each arm of the virtual PLCO trial receiving PSA tests per year. All simulated participants undergo pre-trial screening (solid black line before virtual trial period) based on our model of PSA testing patterns in the general US population applied to the virtual PLCO cohort. The intervention arm follows annual screening subject to observed compliance for the virtual trial period (dark gray line) then resumes population screening (solid black line after virtual trial period). The contaminated control arm follows a higher intensity of screening (solid medium gray line) than in the general population (dashed black line) for the virtual trial period then resumes population screening. The uncontaminated control arm discontinues screening upon entry into the trial (solid light gray line)
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clinically significant 27 % mortality reduction [20] . The stage-shift mechanism implies that cases shifted to an earlier stage and/or grade by screening earn the prostate cancer survival associated with the earlier tumor characteristics, with a corresponding increase in life expectancy. When a tumor is detected early, but with the same tumor characteristics as in the absence of screening, there can still be a modest survival advantage due to detection at an earlier age. The cure rate mechanism assumes a common constant cure rate among screen-detected non-metastatic cases who would have died of their disease in the absence of screening. Once screen detected, these cases are cured and go on to die of other causes in the presence of screening [24] . A preliminary study using the MISCAN model found that a constant cure rate of 35 % allowed that model to reproduce the ERSPC's non-attendance-adjusted 27 % mortality reduction [1] based on data from the Rotterdam center, and all models use this value for the cure rate. Under either mechanism, overdiagnosed cases (i.e., cases detected by screening who would not otherwise have been diagnosed during their lifetimes) do not receive any benefit since they die of other causes both in the presence and absence of screening. Each model simulates the virtual trial 100 times. To confirm that the model reasonably replicates the trial, we compare model-generated incidence, stage and grade distributions, and control arm mortality with published results. Following validation, we use the models to project mortality and calculate (a) mortality rate ratios of the intervention arm relative to the contaminated and uncontaminated control arms after 10 and 13 years of complete follow-up and corresponding 95 % confidence intervals assuming a Poisson distribution for the number of deaths in each arm, (b) the percent of trials with excess mortality in the intervention arm, and (c) the percent of trials in which the 95 % confidence interval for the mortality rate ratio excludes 1, that is, the power of the trial. Calculations were performed using R [25] , and figures were created using the package ggplot2 [26] .
Results
Figure 2 presents observed and model-projected cumulative incidence in the intervention and control arms for the three models. The models closely reproduced observed disease incidence, with projected incidence in the uncontaminated control arm considerably lower than in the contaminated control arm.
After 10 years of follow-up (complete for 92 % of participants), PLCO investigators reported 4 % of intervention arm and 5 % of control arm cases were clinical stage III-IV; the models estimated 3-5 % and 5-7 % in these groups and 10-17 % in the uncontaminated control arm were projected to be diagnosed in distant stage. Similarly, trial investigators reported 9 % of intervention arm and 12 % of control arm cases had Gleason score 8-10; corresponding model estimates were 10-20 % and 14-20 % in these groups and 19-32 % in the uncontaminated control arm.
Despite closely reproducing incidence patterns and stage and grade distributions, the models substantially overprojected prostate cancer mortality. Figure 3 shows observed and model-projected cumulative mortality in the intervention and control arms for the three models. Prior studies of the PLCO population have indicated that not only was this population healthier than the general population [27] , but it also had a higher level of education, higher socio-economic standing, and a higher proportion of whites. These differences could have predisposed the PLCO population toward lower prostate cancer mortality than that in the general prostate cancer case population. In addition, the common Poisson model of baseline prostate cancer survival was fit using SEER cases diagnosed in 1983-1986 before the PSA test was introduced. By the start of the trial, PSA had become an established approach for disease surveillance after diagnosis leading to considerably earlier secondary treatment [28] . For this reason, and possibly also due to other improvements in disease management, it is possible that by the start of the trial, prostate cancer survival had improved even before applying screening and primary treatment benefits.
To account for lower-than-expected prostate cancer mortality, all models introduced a hazard ratio to improve baseline prostate cancer survival. Each model estimated a hazard ratio so that the model-generated mortality after applying screening and treatment benefits matched observed mortality in the control arm. The estimated hazard ratios were 0.39 (FHCRC), 0.50 (MISCAN), and 0.37 (UMICH). All prostate cancer mortality results presented below reflect model-generated outcomes using the modified prostate cancer survival models. Figure 4 plots a sorted random sample of mortality rate ratios of the intervention arm relative to contaminated and uncontaminated control arms versus the observed mortality rate ratio after 10 years of complete follow-up. We note that both observed and model-projected 95 % confidence intervals are relatively wide, indicating high variability in both actual and virtual trials. This is likely due to the rarity of the event of prostate cancer death, despite the large sample size in each arm. Table 1 summarizes the average projected mortality rate ratio over 100 virtual trials, the percent of trials with excess mortality in the intervention arm, and the power of the trial. After 10 years of complete follow-up, the average mortality rate ratios relative to the uncontaminated control arm across the three models were 0.68-0.77 under the stageshift and 0.71-0.80 under the cure rate. These values are consistent with a clinically significant 27 % mortality reduction. Contamination increased the average mortality rate ratios to 0.86-0.91 under the stage-shift and to 0.81-0.95 under the cure rate. Contamination also Fig. 4 Observed and modelprojected mortality rate ratios relative to contaminated and uncontaminated control arms. The figure illustrates ratios of mortality rates of the intervention arm relative to the contaminated and uncontaminated control arms and corresponding 95 % confidence intervals observed in the trial (dashed gray horizontal lines) and projected by the models (solid black vertical lines) after 10 years of complete follow-up. The model projections represent a sorted random sample of 20 mortality rate ratios, and 95 % confidence intervals are based on assumed Poisson distributions for the number of deaths Table 1 Model-projected average mortality rate ratio of the intervention arm relative to the contaminated and uncontaminated control arms over 100 virtual trials, percent of trials with excess mortality in the intervention arm, and percent power of the trial Results are reported separately under assumed stage-shift and cure rate mechanisms of screening benefit after 10 and 13 years of complete follow-up increased the chance of excess mortality in the intervention arm from 0-4 % to 15-28 % under the stage-shift and from 0-10 % to 10-30 % under the cure rate. And contamination decreased the power of the trial to detect the assumed screening benefit from 40-70 % to 9-25 % under the stage-shift and from 45-60 % to 5-25 % under the cure rate. Results are broadly consistent across models, across the two assumed mechanisms of screening benefit, and across 10 or 13 years of complete follow-up. In an additional sensitivity exercise (results not shown), we found that applying population screening to the contaminated control arm without an adjustment to reflect higher intensity of screening than the general population during the trial yielded very similar impacts of contamination.
Discussion
The perceived negative finding from the PLCO trial that PSA screening does not save lives has generated a storm of questions, particularly in light of the positive finding from the ERSPC. Some studies comparing the two trials have argued that screening in the control arm of the PLCO trial could have been sufficient to mask a clinically significant benefit or to produce a false-negative result [29] [30] [31] . The impact of contamination on the trial results has not previously been quantified, but is critical to proper interpretation of the trial and synthesis of its results with those of the ERSPC and other studies.
In this article, we use previously developed models of prostate cancer natural history and, assuming early detection confers a clinically significant survival benefit, quantified the impact of control arm contamination on relative mortality rates in a virtual PLCO trial. We find that control arm contamination substantially equalized mortality rates in the two arms, creating a non-trivial probability of excess mortality in the intervention arm and lowering the power of the trial to detect a mortality difference between the two arms. These impacts remain substantial after accounting for the lower-than-expected mortality in each arm.
Our results depend somewhat on the design assumptions when implementing the virtual trial. We assumed trial enrollment occurs on 1 January 1993, rather than being spread out between 1993 and 2001. A consequence is that we may underproject pre-trial screening; however, the three models estimated that 39-41 % of virtual trial participants had at least 1 PSA test in the 3 years before entry, which is similar to the 45 % estimated by trial investigators [2] . We ignored changes in trial protocol that increased the number of tests from 4 to 5 in 1994 and from 5 to 6 in 1995 and that excluded men with more than 1 PSA in the preceding 3 years starting in 1995. Conversely, our updated model of PSA testing in the US population, intensified to capture increased screening during the trial, implied that 68 % of control arm participants received at least 1 routine PSA during the trial, which is only slightly lower than the 74 % estimated by PLCO investigators [3] . Thus, the virtual PLCO involved more screening in the intervention arm and less screening in the control arm than occurred in the actual trial, suggesting that our projected impact of contamination may be conservative. We assumed that intervention and control arm participants resumed population screening after the trial intervention period. We assumed SEER primary treatment patterns for detected cases. And we improved baseline prostate cancer survival to account for lower-than-expected prostate cancer mortality in the control arm. Because these assumptions apply equally to intervention and control arms, they likely have little effect on our projections of relative mortality rates.
Our results also depend on the assumed screening benefit. We chose a level of benefit deemed to be clinically significant by trial investigators [20] and consistent with that observed in the ERSPC. A smaller benefit would diminish while a greater benefit would increase the impact of contamination. Under this assumed benchmark level of benefit, the projected impact of contamination is robust to the assumed mechanism by which early detection confers benefit, to whether evaluation occurs after 10 or 13 years of complete follow-up, and to the three models of underlying disease natural history.
A more complete reconciliation of ERSPC and PLCO results is underway. In collaboration with investigators from both trials, we are using the CISNET models to quantify impacts of different background incidence, pretrial screening, screening frequencies, PSA thresholds for test positivity, biopsy frequencies, and treatment distributions. While quantifying the contributions of these factors will provide deeper insights into reconciling the trial results, the role of PLCO contamination promises to remain a critical factor.
In summary, the PLCO trial results support the conclusion that organized annual screening does not reduce mortality relative to the level of screening in the control arm. However, because the level of screening in the control arm was substantial, the trial results do not support concluding that screening does not reduce mortality relative to no screening. Instead, a clinically significant benefit could have been masked by contamination, preventing simple synthesis with ERSPC results and limiting the value of the trial for informing recommendations about whether men should undergo PSA screening. Nonetheless, the PLCO trial remains an invaluable resource for learning about prostate cancer biology and epidemiology, PSA distributions and growth patterns, characteristics of the PSA test, and comparative effectiveness of screening strategies with varying testing frequencies.
Cancer Causes Control (2012) 23:827-835 833
